The thermal decomposition of ammonium perchlorate (AP) with Al and Zn metallic particles was studied at different heating rates in dry air atmosphere and the combustion behavior of AP/Al/Zn propellant was evaluated. The exothermic reaction kinetics was studied by differential thermal analysis (DTA) in non-isothermal conditions and compare with the thermal decomposition of pure AP and AP/aluminum particles analyzed in the same experimental conditions. The Arrhenius parameters were estimated according to the Ozawa and Kissinger methods. The calculated activation energies for the low and high temperature exothermic reactions were 91 and 229 kJ/mol for pure AP, 90 and 112 kJ/mol for 80 wt% AP/20 wt% Al particles. When zinc was incorporated, activation energy of 56 kJ/mol was determined for the only exothermic peak observed for 90 wt% AP/10 wt% Zn and 44 kJ/mol for 78.4 wt% AP/19.6 wt% Al/2 wt% Zn propellant composition.
Introduction
For composite propellants, there are a number of common ingredients such as oxidizer, fuel and additives playing a profound effect on the propellant combustion. Ammonium perchlorate NH 4 ClO 4 (AP) is one of the best known oxidizers capable to produce large amounts of hot gases to create thrust by expansion in the nozzle. AP combustion is remarkably catalyzed with transition metal oxide additives in relatively small amounts [1] [2] [3] . Fuel, the other relevant component in composite propellant composition, consists basically of micrometric metallic particles usually constituting 5 to 20% of the propellant by weight [4] , being aluminum (Al) the most common fuel nowadays [5] . Other metallic systems, as magnesium (Mg) and magnesium/aluminum alloys, have been used in some clean formulas with reduced exhaust emissions [6] . Concerning the employment of metallic zinc (Zn) powder as a fuel, long time ago it was used together with sulphur (S) but there is scarce information and just recently some data has been published using zinc nanometric particles [7] and other metallic nanoparticles [8] together with AP.
One of the problems of using transition metal oxides like copper oxides and copper chromites to catalyze AP combustion, is the potential chemical reduction of such oxides by the presence of metallic aluminum leading to the presence of low melting point products capable to block the nozzle throat. In this preliminary work, mixtures of micrometric zinc powders together with AP oxidizer were prepared and the effect of chemical composition was investigated by thermal analysis experiments. The current work incorporates zinc particles on ammonium perchlorate to observe the thermal decomposition, and compares its behavior relative to the usual AP-Al system and presents the thermal combustion of AP/Al/Zn propellant.
Experimental Procedure
AP was obtained by neutralization of perchloric acid HClO 4 (Sigma-Aldrich ACS Reagent) with aqueous ammonia NH 4 OH (Fermont ACS Reagent), then dissolving the product followed of a crystallization process at a pH of 7.5 [9] .
Domestic zinc (Galvanoquímica Mexicana) and aluminum (Metapol Inc.) powders were used as received. Differential thermal analysis DTA (Perkin Elmer DTA7) and thermogravimetric analysis (Perkin Elmer TGA7) were used to evaluate the decomposition of AP/Al, AP/Zn and AP/Al/Zn in dry air at 20 ml/min.
All samples were placed in alumina (Al 2 O 3 ) open pans. Different heating rates ranging from 2.5˚C/min to 20˚C/min were used to perform kinetic analysis. Particles size of both, AP and aluminum fuel, play a significant role in the activation energy of the thermal decomposition [10] . Figure 1 shows the corresponding scanning electron microscopy (SEM) images of NH 4 ClO 4 Al and Zn powders. In the present work, AP, Al and Zn particles presented a mean particle size of 200 μm, 50 μm and 4 μm respectively.
Results and Discussion

Thermal Decomposition of AP
Ammonium perchlorate (AP) is the most widely used oxidizer in solid composite propellants mainly because of the high oxygen content, large specific volume of product gases and extensive handling and storage experience [11] . The corresponding DTA thermograms are shown on Figure 2 . Much work has been AP from the orthorhombic to cubic form. The literature on DTA/TGA data suggests that thermal decomposition of AP usually appears as a sequence of two main peaks (one at low and the other at high temperature), the first of which is exothermic. The second peak may appear as an exothermic or endothermic event, depending on the experimental conditions [13] . Different points of view exist about the mechanism of thermal decomposition of AP, nonetheless, in spite of advances in investigating the mechanism of thermal decomposition of ammonium perchlorate [11] [12] [13] [14] , some aspects and sequence of reaction still remain unclear. On Figure 2 the curves obtained from DTA indicate that there are some small exothermic peaks between the two main events, all associated to some mass volatilization during the decomposition process as shown on TGA diagram presented on Figure 2 (c). These small peaks could not be the noise signal of the instrument because this behavior has already been reported before [15] [16].
The thermal decomposition of any energetic material is quite important because the rate of thermal decomposition affects the quality of the material to provide thrust as well as its shelf life. The activation energy of energetic materials has been calculated before by Ozawa and Kissinger methods in double base propellants [17] and AP solid propellants [18] . The reported activation energy for low temperature AP decomposition is ranging from 80 to 115 kJ/mol, and those for high temperature decomposition between 150 and 260 kJ/mol. [11] [12] [13] [14]. In our case, the activation energy E a for AP was calculated by Ozawa method. In this procedure, the activation energy can be determined from plots of the logarithm of the heating rate versus the inverse of the peak temperature T m at constant heating rate experiments, without a precise knowledge of the reaction mechanism using the following equation [19] (Table 1) .
Thermal Decomposition of AP-Zn System
On the other hand, thermal analysis was carried out to different chemical com- (Table 1) , the present results suggest that the presence of zinc particles appreciably reduce the potential barrier of ammonium perchlorate to thermal decomposition.
Thermal Decomposition of AP-Al-Zn System
A burning rate catalyst or burning rate modifier, usually incorporated at concentrations between 1 to 3 wt%, helps to accelerate the combustion and increases the value of the propellant burning rate [23] . From Figure 3 served, the activation energy E a calculated gives a value of 44 kJ/mol ( Figure   5 (c)), quite similar to the value calculated by Kissinger method ( Table 1 ).
The present work only gives experimental results and no attempt was made to get a mechanistic explanation of the effect of metallic zinc on AP thermal decomposition. Nevertheless, a compound capable to affect the rate of chemical reaction by providing a lower energy profile is the basic characteristic of a catalyst. Therefore, the kinetic parameters obtained in the present case for the thermal decomposition of AP (Table 1) , strongly suggest the catalytic behavior of zinc particles.
Conclusion
The 
